Using Hellmann-Feynman molecular-dynamics simulations, we have investigated interactions of firstrow elements with the (110) surfaces of GaAs and InP. We find that these atoms prefer to occupy subsurface sites. The open structure of the tetrahedrally bonded GaAs and InP, together with the small sizes of the first-row elements, makes it relatively easy for these atoms to move beneath the surface. Surface chemisorption is also observed in the simulations, but is found to be metastable.
I. INTRODUCTION 
II.TECHNIQUE
Several years ago, we predicted that small atoms like B will chemisorb at subsurface sites on III-V semiconductors. ' Subsequently, it has been found in scanning tunneling microscopy (STM) and synchrotron x-raydiffraction studies that B occupies a subsurface site on Si(111).
We regard this as a confirmation of the prediction, since the diamond structure of Si is essentially the same as the zinc-blende structure of the III-V semiconductors, and the chemistry is also similar.
In this paper we report further studies of first-row atoms on III-V semiconductors -8, C, and N on the (110) surfaces of GaAs and InP. We again observe subsurface chemisorption, on a short time scale ( -1 ps).
Also, total-energy calculations indicate that the subsurface sites are more stable than the sites associated with surface chemisorption.
These findings can be rationalized through geometrical arguments.
The zinc-blende structure ( (2.10)
(2.12) and for simplicity in notation define V= V", H=H", and 6 =G". Ga atom, which is pushed upward from its relaxed position. It is also displaced in the y direction. The two nearest As atoms relax inward, however. (Recall that when the surface is relaxed, the As atoms occupy positions slightly above the surface, with the Ga atoms slightly below. ) As will be seen in the following, this general qualitative outcome is also observed in the other simulations that result in subsurface chemisorption: the surface atom directly above the foreign atom protrudes outward, while other surface atoms bonded to the foreign atom are pulled inward, forming a roughly pyramidlike structure.
The detailed motion of the 8, leading to the final configuration of Fig. 2 , is shown in Fig. 3 , and provides some useful insights into the dynamics of subsurface chemisorption. Moving toward the surface with a small velocity, it is initially attracted by a surface As atom (lower right atom in Fig. l) . At the closest point of encounter, it is repelled. It then moves toward the Ga atom, pushing it away and moving beneath the surface, ?00 800 900 1000
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FICx. 14. Response of surface In atom to B motion. (Same units as in Fig. 13.) where it finds a stable equilibrium position.
The response of the Ga atom is shown in Fig. 4 . Initially relaxed inward, it is displaced upward and over to make room for the boron. Finally, after large excursions, it settles into a new equilibrium position. Subsurface It finds an equilibrium position under a surface As atom, which is pushed up. The nearby Ga atom is pulled down, along with a Ga atom on the left (not shown). In Fig. 6 , with different initial conditions, the boron chemisorbs above the surface. However, the energy is much higher than in Figs. 2 and 5, i.e. , the subsurface sites are energetically highly preferred.
In Fig. 7 , we show a simulation for N released with zero initial velocity. It breaks the bond between the surface Ga and As atoms as it moves into the substrate. Figures 8, 9 , and 10 show, respectively, the detailed motion graphs for this nitrogen, the response of the Ga atom, and the response of one As atom [As(2)].
In Fig. 11 , we show a simulation for a carbon atom released directly above a Ga-As bridge site, with a small initial velocity toward the surface. This carbon atom moves in and settles under a surface As atom, at the end of 1 ps. The As atom is pushed up from its initial relaxed position, while the nearby Ga is pulled downward, exhibiting the same qualitative behavior as in the previous simulation.
We now turn to InP. The size mismatch caused by the larger covalent radius of In and the smaller covalent radius of P, along with the mass mismatch, gives rise to some interesting effects, both in the dynamics and in the final configurations. Figure 12 shows a simulation for boron on InP. The boron is released one bulk InP bond length (2.54 A) above the surface, without any initial velocity. At the end of the simulation, lasting for about 1 ps, it has moved under one of the P atoms, pushing it half a bond length outward. Note that P here occupies a position higher above the surface than its counterpart As in GaAs, whereas the In is pulled into the substrate only slightly compared to its counterpart Ga in GaAs. This difference presumably results from the much larger ratio of cation to anion size.
The detailed motion graphs for 8, In, and P, leading up to the final configuration in Fig. 12 
